Abstract-The existing underwater robots is less steerable at low speeds and special devices are needed for the deployment and recovery of these robots. This makes it unsuitable for the tasks such as underwater inspection and manipulation, especially when cost is strictly restricted. For the design of underwater robots with high mobility and autonomy, in this paper an amphibious robot is proposed. This robot is spherical with two arms outside the spherical hull. The spherical design gives it the ability to roll on the ground. So the robot can autonomously head to the target water without human intervention. This will reduce the cost and enhance its autonomy. The robot employs screw propellers mounted on the two arms for underwater propulsion. With the rotation of the arms the direction of the thrust can be adjusted, so to realize thrust vectoring which can enhance its mobility to a large extent. The arms can also be used for underwater manipulation and for the realization of center of gravity adjustment. The latter will enhance its stability when used for underwater operation. The structure design and motion principle of the robot is given in detail. The dynamics of the robot is also established. The flow field of the robot is numerically simulated for the validation of the design concept.
I. INTRODUCTION
Most underwater robots employ fins and rudders for maneuvering. At low speed, the force and moment provided by these control surfaces is very small. This imposes a great challenge for the control of underwater robots at low speeds. And most underwater robots need special designed devices for the deployment and recovery. This will increase its operation cost and confine it to professional operators. With the increasing interest in ocean exploitation, more and more offshore infrastructures are built including oil drilling platforms and submarine cables. These infrastructures need to be frequently inspected for its normal operation. These tasks need the robot to be maneuverable at low speed even in still. And when the interested area is narrow and limited, the robot must be highly mobile to avoid collision with the intruded structures.
In order to fulfill this end, a new concept underwater robot is proposed in this paper. The structure of the robot is spherical. The robot can employ the spherical hull to roll on the ground.
So the robot can roll to any specified water all by itself without any human intervention which will enhance its autonomy to a large extent. Without specified procedure and device to employ and recover the robot, the operation can be greatly simplified and the cost reduced too. The robot can employ screw propellers mounted on the arm for underwater propulsion. The thrust direction of the propeller can be adjusted by the rotation of the arm, by which thrust vectoring can be realized. This will increase its mobility.
Mechanical arms can not only drive the ball rolling on land by swing, can also realize underwater thrust vector, enhance the mobility of a robot.
The arms can be used for underwater operation such as underwater target grasping. The arms can also be used to adjust the center of gravity of the robot which can increase the stability of the robot. All of these make the robot suitable for the underwater inspection and manipulation tasks.
The structure design and motion principle of the robot are given in detail. The dynamic model of the robot is also established. The flow field of the robot is simulated for the validation of the feasibility of the design.
II. OVERALL DESIGN In this paper, an amphibious spherical robot for underwater inspection and operation tasks is designed. The robot is composed of a spherical hull, a pair of arms and a pair of propellers mounted at the end of each of arm. The overall structure of the robot is depicted in figure 1 .
The spherical hull is the main body of the robot used to encapsulate the batteries, control boards and the payloads. The arm is actuated by DC motor mounted inside the spherical hull. The arm is connected with the motor's output shaft. By the actuation of the arm, the COG (center of gravity) of the robot can be adjusted. So the spherical hull can be actuated to roll by gravity. With this motion ability, the robot can head to the target water all by itself without the need of human intervention and special designed devices to deploy and recover the robot. This will reduce the cost greatly compared with the traditional underwater robots. The propeller is placed at the end of the arm. The motor that drives the propeller is placed in a sealing structure. The sealing structure is designed to be streamlined, so to reduce the resistance of the robot when moving underwater. The propeller and the sealing structure is shown in figure 2. The robot is equipped with a gripper at the end of each arm. The gripper can be used to grasp interested samples. The gripper system is shown in figure 3 . The system is composed of a gripper, a spring, a motor and a rope wheel. The motor actuate the rope wheel to rotate so to stretch the rope connected to the gripper. When the rope is stretched, the gripper can be opened. And when the rope is released, the gripper is closed by the tension of the spring. In this section, we will discuss the moving principle of the robot both on the ground and underwater in detail.
A. On land 1) Still
When the robot rolls on the ground, the variation of the COG caused by the swing of the robot arm provide the actuating moment. The bigger is the swing angle of the arm, the stronger is the actuation moment. So, in order to stay still, the arm has to be upright. When the arm is disturbed, it will deviate from the upright posture. In this case, the swing angle of the arm is not zero any more. Suppose this swing angle is
V .An actuating moment with the magnitude of sin G l V x x will be created by this swing angle. As the COG of the robot is deviated from its balanced point, the robot tends to fall over. In order to stay upright, the arm actuation motor has to provide a reverse moment a M . This moment will stop the swing of the arm and recover it to the upright posture. So the robot will be still again. However, during this process, the robot will deviate from the original stand point. 
3) Decelerate
When the robot need to decelerate, the arm has to swing backward from the upright posture with a certain angle. So the arm produces a moment with the opposite direction to the rotation of the sphere. The driving moment provided by the arm is sin G l
T x x
. So, the robot begins to decelerate. 
4) Turn around
When moves on the ground, the robot need to change moving direction frequently. In order to turn around, the robot has to create a turning moment. In this paper, the turning moment is provided by the motor inside the spherical hull which drives a payload. The payload can be batteries or other heavy objects. When the motor rotate the payload, the robot itself will "feel" a reverse moment which will actuate the robot to turn around. This process is depicted in figure 7 . And the dynamic model of this process is (4). 
B. Swimming underwater
The motion of a robot underwater is different from that on the ground. The resistance of the robot underwater is very large. Therefore, to overcome the resistance of the water, the propeller must be appropriately chosen.
1) Underwater hovering
The robot itself is positively buoyant. So in order to hover underwater, the propeller must provide a downward force to neutralize the buoyancy. So, when hover underwater, the robotic arm is also in vertical posture, as depicted in figure 8. The thrust of the propeller has to meet (5) in order to hover underwater. Using (5), the rotation speed of the propeller can be decided.
2T G B (5) In (5), T is the thrust of the propeller, G is the gravity of the robot, and B is the buoyancy of the robot. From figure 8 , it can be seen, the COG of the robot is lower than the center of buoyancy. This is caused by the special arrangement of the arm and the propeller of the robot. If the robot is disturbed to deviate from the hovering posture, the arm between the gravity and buoyancy will not be zero. In this case, the moment created by the gravity and the buoyancy will recover the robot to its original hovering posture. As a result, the robot is very stable when it hovers. By merit of its stability, the robot is qualified of underwater operation tasks.
2) Heave /Yaw/Roll
The robot designed in this paper is positively buoyant itself. So, when it travels underwater, the propeller must provide a downward thrust to neutralize the buoyancy. In this C is the resistance coefficient of the robot, which is mainly decided by the shape of the robot, S is the projected area faced to the flow and v is the velocity.
For better maneuverability, an underwater robot is always designed to be capable of pitch/roll/yaw motion. The special arrangement of the arm and propeller gives the robot the ability to heave and dive directly. So, the pitch motion is not necessary. In the following paragraphs, the heave, roll and yaw motion will be discussed. a) Heave As discussed in the former sections, the thrust direction of the propeller can be varied through adjusting the swing angle of the arm. So, the underwater thrust vectoring can be realized.
As the thrust can be vectored, when the robot need to heave/dive, it can simply swing its arm. So, the robot is highly mobile underwater. The heave/dive process is depicted in figure 9 . Suppose the angle between the arm and the horizontal plane is 0 T when the robot swims forward with no acceleration. So, when the robot need to heave, it should swing the arm counterclockwise to decrease the angle T .
While when it need to dive, the angle should be increased. The dynamic model of this process is (6) and (7). z z is the acceleration of the robot in the vertical direction, while x x is the acceleration in the horizontal direction.
b) Yaw
There are two ways to realize the yaw motion. One is the differential speed control of the rotation of the two propellers as depicted in figure 10 . The other is by actuating the inside payload which is the same principle with the turning on the ground which is also depicted in figure 10 . In this case, the rotation direction of the payload is perpendicular to the thrust direction of the propeller. The dynamic model of this process are (8) and (9) respectively. 
c) Roll
The roll motion of the robot is also realized by the actuation of the inside payload. In this case, the rotation direction of the payload is parallel to the thrust direction of the propeller as depicted in figure 11 . The dynamic model of the roll motion is (10). It can be seen there is strong vortex behind the robot. This is caused by the flow separation because of the spherical structure of the robot. The vortex will increase the resistance of the robot and cause unpredicted forces and moments which will pose stability problems.
For traditional underwater robots, the flow separation is avoided as best as we can. So spherical hull is not suitable for the most of traditional underwater robots. However, the robot designed in this paper is mainly specified for the tasks of underwater inspection and operation. These tasks need the robot to be mobile, while the speed and endurance is not restricted. So the big resistance is not a concern. And the instability caused by the vortex can be cancelled by the high mobility of the robot. And the spherical structure of the robot is adopted for the purpose of ground motion capability. What is more, the ground motion capability can reduce the operation cost of the robot for the absence of human intervention. V.CONCLUTION In this paper, a mobile amphibious spherical robot which can both roll on the ground and swim underwater is designed. The robot employs a spherical hull to roll on the ground, and uses two propellers mounted at the end of two mechanical arms to swim underwater. Underwater thrust vectoring can be realized by the swing of the arm. This gives it high mobility. So it is very qualified of tasks requiring mobility.
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